Optical excitation of metallic nanoparticles and nanostructures through localized surface plasmon resonance (LSPR) enables many useful applications such as nanoscale nonlinear optics, 1 single-molecule detection, 2 sensitization of photovoltaics, 3 and enhancement of molecular luminescence, 4 photoelectrochemistry, 5 and photocatalysis. 6, 7, 8, 9 LSPR-induced hot carrier generation and electron transfer are of particular importance in plasmonic device applications. 10, 11 However, the direct observation of LSPR-induced charge transfer in nanocavities is a challenging experiment and the transfer mechanism across a dielectric or vacuum gap remains poorly understood.
The combination of STM and optical excitation has been used to study optical properties of plasmonic junctions, 12, 13, 14, 15, 16, 17, 18 which allows precise control of the vacuum gap (tunneling barrier) even at sub-nanometer distance as well as high-resolution imaging of nanoscale structures. In addition, LSPR-excitation in STM junctions has also gained increasing attention in nanoscale science and technology for its microspectroscopic applications such as single-molecule luminescence spectroscopy 19 , 20 , 21 , 22 , 23 , 24 and tipenhanced Raman spectroscopy. 25, 26, 27, 28, 29 Although the plasmonic excitation in the STM junction can significantly affect the electron tunneling properties, the influence of the strong near-field on electron tunneling in sub-nanometer gaps has not been scarcely investigated and a clear mechanism of LSPR-assisted resonant tunneling remains to be clarified. 30 In this Letter we report the LSPR-assisted tunneling in an Ag or Au tip-Ag surface junction induced by CW laser excitation. The LSPR-assisted tunneling occurs resonantly from the STM tip into the image potential states of a Ag(111) surface which are observed as multiple peaks in field emission resonance (FER) spectroscopy with STM. 31 , 32 . This Rydberg-like series of electronic states formed in the Coulomb-like image potential serves as a simple model system to investigate resonant charge transfer in the sub-nanometer plasmonic gap. It is found that the LSPR-assisted tunneling results in pronounced red-shift of the FER peaks depending on the incident photon-energy. Furthermore, the gap distance dependence of the FER spectra under illumination reveals the relative contribution from the LSPR-assisted and the resonant STM tunneling into the image potential states.
The experiments were performed in an ultra-high vacuum chamber (base pressure <5×10 -10 mbar) equipped with a low-temperature STM/AFM (modified UNISOKU USM-1400) operated with a Nanonis SPM controller. All measurements were performed at 78 K.
A chemically etched Au or Ag tip was used (the Ag tip was supplied by UNISOKU Ltd.). CW diode laser, 632 nm: CW HeNe laser) was focused to the STM junction using an in-situ Ag-coated parabolic mirror (numerical aperture of ~0.6) mounted on the cold STM stage.
The spot diameter on the tip apex was estimated to be about 1 μm. The beam alignment and focusing were performed precisely with piezo motors (Attocube GmbH) attached to the parabolic mirror, which allow three translational and two rotational motions of the parabolic mirror. The incident light was linearly polarized along the tip axis. The FER (dI/dV) spectra were recorded using a lock-in amplifier with a modulation of 20 mVrms at 983 Hz. Figure 1a shows the FER spectra (the solid curves) of an Ag tip-Ag(111) surface junction with and without 633-nm laser excitation (hν = 1.96 eV). The multiple peaks in the spectra correspond to a series of the image potential states of the Ag(111) surface which arise from the many-body screening of an electron in front of the surface by conduction electrons in a metal. 33, 34 We find that the peaks are largely red-shifted under laser illumination and, in particular, the shift of the first peak (~1.9 eV) is nearly identical to the incident photon energy.
We denote the FER levels by n and n' (= 1, 2, 3...) with and without laser excitation, respectively. Noted that the dI/dV spectra were recorded in the constant current mode which allows to measure a relatively wide voltage window, which causes a continuous vertical displacement (retraction) of the tip (the dashed lines, right axis in Fig. 1a ). Figure 1b shows the incident power dependence of the FER spectra and the power density varies from 0 (top) to 2.67 mWµm -2 (bottom). It is clear that the peak around 2.2 (4.2) V grows (diminishes) as the incident laser power increases. The shift of n = 1 peak shows a clear correlation with the incident photon energy. As seen in Fig. 1c , when the junction is illuminated by a 532-nm laser (hν = 2.33 eV), the peak is shifted to a lower energy by ~2.3 eV. In addition, it is shifted by 2.8 eV with 446-nm (hν = 2.78 eV) excitation. Furthermore, it is found that an Au tip exhibits a similar red-shift of the FER peaks with excitation at 633 nm (cf. Fig. 4a ), whereas no change occurs with excitation at 532 nm. This observation suggests that the process is mediated by LSPR excitation in the junction as the plasmon of the Au tip cannot be excited with excitation at 532 nm because of the (5d → 6sp) interband transition. 35 Although the peak voltage and intensity of the FER spectra are slightly affected by tip conditions, 33, 34 the overall behavior discussed above remains essentially unchanged by the tip (e.g., in-situ tip preparations or use of different tips). 36, 37 In the absence of laser excitation, the peaks in the FER spectra appear when the bias voltage (Vs) of the STM matches the respective resonance level (Fig. 2a) . As mentioned above, the gap distance (d) continuously increases with increase in the bias voltage (see Fig. 1a ). As the incident power increases, the LSPR-assisted tunneling becomes possible through increment of near-field enhancement in the junction (Fig. 2b) , resulting in the new (red-shifted) peaks in the FER spectra. Similar photo-assisted electron tunneling into a molecular resonance in an STM junction has also proposed previously. 30 According to this picture, one would expect that the peak caused by the normal FER process (resonant STM tunneling) also appears when the bias voltage matches the first resonance level (as indicated by the dashed arrow in Fig. 2c) , which is indeed observed at a low power density as seen in Fig. 1b . However, this process should become negligible if the LSPR-assisted tunneling dominates. As can be seen in the tip displacement in Fig. 1a , the gap distance at the FER voltages under illumination is larger by about 1 nm than that in the absence of illumination.
This elongation of the gap distance gives rise to a much wider barrier width at the voltages of resonant STM tunneling, suppressing the electron tunneling into the image potential states from the Fermi level of the tip. On the other hand, the LSPR-assisted tunneling is feasible and becomes even dominant due to the thinner barrier than that of the normal STM tunneling (Fig. 2c) .
We find that the relative contribution from the normal STM tunneling and the LSPRassisted process can be tuned by varying the gap distance of the junction. Figure 3a shows the FER spectra for an Ag tip with 532-nm excitation recorded at different gap distances (defined by the set current in the figure). As the gap distance decreases, the peaks of higher FER levels ( ≥ 2) are gradually blue-shifted (e.g., n = 2 peak of the LSPR-assisted process which is marked by the black bars in Fig. 3a) . Additionally, a peak that does not significantly vary with decrease in the gap distance is discernible above the set current of 20 nA (marked by the red bar in Fig. 3a) . This peak is attributed to the resonant STM tunneling to n = 1 image potential state, which competes with the LSPR-assisted process (Fig. 3b) . A similar gradual blue-shift of the FER peaks can be observed in the absence of illumination 34 and explained by a Stark shift of image potential states caused by the strong electric field in the junction, 38 and the energy spacing increases as the potential becomes steeper in a smaller gap distance (as illustrated by the dashed blue lines in Fig. 3b) . The Stark shift is relatively weak at n = 1 level but the peak width is broadened compared to that at a large gap distance (see the top panel of Fig. 3a for the spectrum at a small gap distance without laser excitation) presumably due to hybridization between image potential states and bulk states of the tip and surface. 38 The peak broadening also occurs n' = 1 level as the gap distance is reduced.
It is rather obvious that n = 1 peak of the FER spectra under illumination arises from the LSPR-assisted tunneling into the first image potential state. In order to assign the other peaks, we measured the STS mapping at the FER peak voltages with and without illumination. Figure 4a shows the FER spectra of an Au tip-Ag(111) surface with 633-nm excitation. As mentioned above, the results are similar to the Ag tip. Because each FER is sensitive to a local structure (or defect) of the surface which causes a modulation of the local work function, 34, 39, 40, 41, 42 we mapped the FER intensity over a monoatomic step and an intrinsic defect on Ag(111) (the topographic image of the measurement area is shown in Fig. 4b) .
Figures 4c-e displays the FER intensity maps at n = 2, 3, 4 peaks without illumination (labeled c, d, e in Fig. 4a) , which exhibit unique features at the defect structure. Figures 4f-h show the maps at n' = 2, 3, 4 peaks under illumination (labeled f, g, h in Fig. 4a) . It is clear that each intensity distribution at the same ordinal number of the FER peaks shows very similar features in the defect with and without illumination. Therefore, we can attribute the peak f, g, h in Fig. 4a to the replicas of n = 2, 3, 4 levels of the image potential state of the Ag(111) surface.
Our experiments clearly demonstrated the LSPR-assisted tunneling in an STM junction, providing a novel insight into a near-field induced charge transfer mechanism in a nanocavity with highly-precise control of the vacuum gap (tunneling barrier). Experiments combining STM with local optical excitation and detection also pave the way to study the near-field properties even at sub-nanometer gaps where quantum effects play a crucial role and classical electrodynamics fails to describe the near-field properties. 43, 44 The precise control of the gap distance in the STM is advantageous to study this important quantum regime of plasmon in a systematic manner. The accurate understanding of opto-electronic properties in such a "pico-cavity" is of fundamental importance in the applications for nonlinear quantum optics and optical experiments on the atomic and single-molecule level. 45 Furthermore, the image potential states can be exploited to study excited electrons dynamics. 46, 47 The fast LSPR relaxation dynamics on the femtosecond time scale is of fundamental importance to plasmon-induced hot carrier transport. 48 Ultrashort optical excitation of plasmonic STM junction 49 will provide an unprecedented opportunity to trace fast electron dynamics with high-spatial resolution.
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